Abstract: This paper describes the development of a Virtual Camera (VC) system to improve astronaut and mission operations situation awareness while exploring other planetary bodies. It is claimed that the advanced interaction media capability of the VC can improve situation awareness as the distribution of human space exploration roles change in deep space exploration. It can minimize the risk of astronauts exploring unknown reaches of the solar system with limited previous knowledge of the area under exploration. It can be thought of as a tour guide with captured expertise to aid exploration. It provides a collaborative tool so that ground-based expert knowledge can be captured and be easily assessable in the remote deep space environment. A tablet PC-based interactive database application has been developed and tested for usability and capability to improve situation awareness. The method of testing will be described as well as testing results. 
INTRODUCTION
So far, with the exception of the six Apollo lunar missions, humans have not ventured out into the solar system, sending only robots. When humans will begin exploring in deep space themselves, they will require situation awareness assistance tools. Human deep space missions will require increased roles for astronauts on-board as well as on-board automation. This means a paradigm shift from Low Earth Orbit operations where there is a real-time two-way partnership between mission control and the on-board crew for International Space Station operations. Currently there is a reliance on ground controllers to assist astronauts in realtime during operations in Low Earth Orbit on the International Space Station.
There is a continuous human-human interaction in space exploration that will be limited due to communication delays caused by distance in deep space exploration. The control model is switching from one of supervision from the Earthbased controllers to one of mediation between the ground and the astronauts. Risk will be increased as astronauts roles change to one of more autonomous decision making as opposed to ground-mediated decision making. Risks such as decision making based upon incomplete information or a lack of domain knowledge are very real for astronauts exploring in deep space. Real-time decision making will be required of astronauts without real-time support from operators back in mission control due to the communications delays in deep space. Tools will be required that support the astronaut's knowledge-based and abductive reasoning to collaborate with human judgment. Abductive reasoning consists in foreseeing possible futures and demonstrating that they can be reached.
Human deep space missions will be characterized by remote distributed operations. There will be a need to make decisions based upon the collection and analysis of raw data to provide predictive information. This information needs to be presented to crews in a way that enhances situation awareness. One way to do this is with new interactive environments such as 3-D tablet computer systems using advanced interaction techniques such as accelerometer-and gesture-based inputs.
An interactive 3-D tablet device was chosen to support the Virtual Camera (VC) concept. It allows astronauts to capture expert knowledge about the areas they will explore (Platt & Boy, 2012) . The VC integrates and manages mission data and areas of interest for both exploration and safety. This information will include system health and status, caution and warning, safety, traverse execution and mission timeline parameters. This paper explores the VC and these changing roles for deep space human exploration and the new human-machine cooperation needed for deep space exploration and how this system can mitigate risk in human deep space exploration. Testing and evaluation explore how the VC influences interaction and cooperation between actors involved in human spaceflight.
MOTIVATION
Interactive cockpits, context-sensitive systems and multiagent knowledge representation are being developed for a number of domains. Moreover, modern users of computer technology are very familiar with and aware of tablet-based interaction technology. The VC integrates these concepts and technology for deep space human exploration.
Astronauts were familiar with relatively simple analog and CRT displays in the era of the space shuttle. This is now changing with new "interactive" cockpits. Older astronauts will be less familiar with the concept of interactive cockpits but younger ones will most likely have used them for most of their flying careers. Tablet and other advanced interaction media systems are now commonplace in a number of domains including home usage and stakeholders for the VC will have exposure to this type of interaction making it a natural for future space exploration systems. Fig. 1 . The model of the virtual camera (VC) interaction with a space segment, used by astronauts and a ground segment used by mission operators and scientists.
Astronauts operating on the surface of the Moon or Mars or flying near an asteroid will be cognitively and sensorially impoverished compared to Earth exploration. The exploration vehicle is a closed environment with often limited visibility, shielding the astronauts from the environment during space exploration due to the harshness and dangers of space. Mental and physical exhaustion and other effects from long-duration microgravity also change the cognitive state of astronauts.
Mission operations personnel will be interested in using the VC for mission planning purposes as well as training. For the actual mission, the large distances involved between Earth and the body being explored means that communications delays will make it impossible to provide real-time feedback to astronauts. This requires the VC to capture the expertise of the mission operations personnel onboard. The goal is to make the VC a remote assistant/agent for the mission operations personnel (Fig. 1 ).
Scientists will also use the VC to plan future traverses and to look for new discoveries on the body being explored. Their experience level with the VC tool will typically be less than the astronauts and mission operations personnel. They will want to denote and annotate areas of scientific and exploration interest to them. This information can be archived and late retrieved by other VC users.
The virtual camera can provide a third-person perspective to assist in the navigation process for rover and other exploration vehicles. However, it is more than just a "backup" camera that is now provided on many terrestrial automobiles.
3. RELATED WORK Endsley (1995) broke situation awareness down into three elements, perception of data, comprehension of meaning and projection into the near future. The VC contributes to improving perception by offering multiple views and perspectives of the scene around the user. This could be correlated with vehicle position data to show a real-time situation or it can be used as a training element showing where a vehicle may be at a certain time during a traverse.
Using the VC for deep space exploration, comprehension is improved by allowing the user to understand more about their environment than what is possible just by looking out of the window of the vehicle. With an annotation capability, knowledge from domain experts can also be incorporated into the database. For instance, mission operations people can annotate areas of particular safety or science interest during training and these notes and other information can then be pulled up when the astronaut is actually at that location on the remote planet.
Future deep space human exploration will require a transfer of function allocation from Earth-based mission control to on-board the spacecraft. Communications delays due to distance will require crews to be more autonomous and not rely on mission control for real-time advice and control. For example, the time delay in communications to the moon will take 6 seconds round trip, and up to 44 minutes for Mars. For missions lasting perhaps more than a year, training conducted on the ground may be forgotten. Skill-retention issues will be a concern. On long-duration space station missions today, astronauts often find they are pulling information from memory in what becomes a subconscious effort. Training can take place months before the actual space-based operation takes place. This capability to pull from memory the skills needed to complete the mission may be diminished when practice is no longer possible during life-critical deep space mission. On-board support and refresher training will be required. The VC allows an astronaut to move through a traverse or exploration sequence ahead of time. Tools are currently being tested to capture mission control knowledge and expertise on-board a deep space exploration vehicle.
Projection will be improved by allowing traverses to be rehearsed ahead of time. The best route can be determined and planned.
Safety and exploration performance considerations can be taken into account. Possible future actions can be modeled and best choices made.
Several research efforts in Air Traffic Control (ATC), first on dynamic task allocation (Crevits et al., 1993; Millot and Mandiau, 1995) and then extended to human machine cooperation, enabled Millot and Hoc, (1997) to define two concepts in which cooperation between humans and machines takes place, the first is know-how and the second is know-how-to cooperate. Know-how of a single agent consists in specific knowledge, reasoning capabilities, communication and action skills (Millot, 1998) . Know-how-to cooperate involves agent-to-agent interaction, based on a common representation of the process called a COmmon Frame Of Reference (COFOR). An external support of COFOR has been proposed in an ATC experiment and called a Common Work Space (CWS), which is a combination of process' states and agents' "mental states" (Pacaux-Lemoine, Debernard, 2002) . In the case of the VC the know-how is being transferred from ground personnel to astronauts through a mediation agent, the VC. The VC provides a common work space (CWS) supporting the interaction with the environment.
Dynamic task allocation will be required in human deep space exploration. Mission control, which may then be called mission support in this case, may be able to make some mission decisions but oftentimes the astronauts will be required to do so on their own. Pacaux-Lemoine and Debernard (2002) broke down human-human agent cooperation during possible decision interference in three ways, negotiation, acceptation and imposition, seen as the three items that characterize cooperative decision-making. For the VC interaction, negotiation involves improving the frame of reference of ground personnel and astronauts, and exploration goals. Certain mission goals may take priority at different times and the VC can help this prioritization. Acceptation involves agreement on the next exploration course of action. Finally, imposition requires defining next course of action without negotiation in some cases when for instance communication blackouts or emergencies cause a decision to have to be made without the ability to interact at all with Earth. Stanton et al. (2009) have suggested that teams cannot truly share situation awareness. In a collaborative environment such as deep space exploration, we need to be concerned with distributed cognition where appropriate information, held by individuals but captured by devices represents a dynamically changing environment. The VC must transfer this appropriate information to appropriate team members at the appropriate time.
DESIGN GOAL AND METHOD

Design Goal
The design specifics of the VC have been presented elsewhere (Boy and Platt, 2013) . The VC aids but does not dictate astronaut decisions and control functions. It is designed to suggest possibilities but final decisions are the astronaut's to make. Having an easy-to-use device in a portable form factor such as a tablet seems a logical way to provide this assistance wherever the astronaut may be in a vehicle.
Arrows and the accelerometer-based gestural interaction help in the physical affordance of interaction. Institutional rules and mission goals can be "built" into the VC to assist the astronaut. One example of this is the ability to display/add and annotate the areas of interest. This can be a level of remote assistance as other stakeholders such as mission ops and science personnel can place the icons in the VC database for astronauts to reference as they plan and actually explore. Also the consumable and resource icons assist in the goal of safe and efficient exploration, certainly a major NASA mission goal for any deep space mission. This connects system and mission goals to users.
In the setting of deep space exploration technological tools are needed to support multi-agent or distributed situation awareness. The portability and ease of use of a tablet-based tool is idea for this.
Human Centered Design Approach
A human-centered design approach (Boy, 2012) has been used to develop the tablet-based VC and is briefly described below.
The first step was to develop low-level prototypes to capture the basic design requirements for the VC. The initial point in determining user requirements is to identify experts that represent all possible user types for the VC system. This requires some knowledge of the domain and also of the goals of the VC.
A survey of potential users and stakeholders (astronauts, mission operations personnel, and scientists) for the VC system was conducted by one of the authors at the 2011 NASA DesertRATS analog exploration testbed. The main questions during potential user interviews involved their background, general system uses, interface type and data display parameter formats desired.
Brief scenarios and interaction diagrams as well as storyboards and prototypes have also been developed. These can be presented to users to show the basic concept of the VC and to get feedback of what would be a beneficial interface for a particular user and what may also not be of benefit to a user. Scenarios and use cases give users examples of how the VC can be applied.
Next horizontal prototypes were developed that captured the basic interaction requirements for the VC and were used to demonstrate an operational scenario. A complete vertical prototype was then developed with all of the interaction capability using a tablet PC device. Usability of the VC will be evaluated using nominal and off-nominal situations and simulations of actual mission operations cases. Important considerations include what is appropriate for a given task or function in a given context such as after an alarm or interruption versus normal operations.
Usage of the vertical prototype determines how unique aspects of the tablet improve or impact situation awareness. It may also be possible that the VC actually detracts from the situation awareness. It is a tool that is used to analyze ways to improve situation awareness as well as illustrate how interactions between collaborators and their various roles change in deep space exploration compared to low-earth orbit (LEO) operations (Fig. 2) .
In LEO there is a need to cooperate between ground controllers and astronauts. The lack of a communication delay makes this cooperation easy.
Astronauts may encounter unexpected situations or ones in which training had occurred a long time ago. For this reason astronauts continuously communicate with ground control. In deep space with potentially large communications delays, there will be a need for a mediated cooperation. Real-time interaction will not happen and so on-board tools need to Proceedings of the 12th IFAC/IFIP/IFORS/IEA Symposium on Analysis, Design, and Evaluation of Human-Machine Systems. Las Vegas, Nevada, USA.
capture ground personnel knowledge about exploration and science goals as well as system information and potential hazards.
EVALUATION
We presents the first tests of the VC in a deep space operational simplified analog. Fig. 2 . The tablet-based virtual camera interaction system to assist astronauts explore deep space
Present scenarios
In order to measure the effectiveness of the VC, simulated traverses are conducted in a variety of nominal and offnominal scenarios. Initial tests have been conducted in a terrestrial setting (a public park) with areas of interest (AOIs) defined to be of science or resource use as well as hazards. These points have been entered into the VC Google map terrain database (Fig 3) .
For these tests three teams were involved. The subject team used the VC to navigate a course encountering AOIs of various point values to simulate mission importance scale. The order of AOIs was defined by a Mission Control (MC) team ahead of time in consultation with the VC subject team. A control team was also on the same course using a noninteractive tablet-based map of the area. The control team used a feature limited version of Virtual Camera which can display static AOIs and report data to MC. The MC team had access to the same database of AOIs as the Subject and Control teams, although communication between the teams in the field and MC team involved a simulated light speed delay. The communication delay was done by having a phone in the possession of the observer of each of the two field teams who did NOT answer the phone. The MC team left voice mail responses. The observer waited an agreed upon time delay, then played back the voicemail. Thus half duplex, time delayed messaging was simulated. This simulated the changing environment the VC is expected to operate in. Pictures were taken by the field teams to confirm that each resource site was visited correctly.
Present evaluation criteria
Criteria for assessing the effectiveness of the virtual camera to support human deep space exploration can be broken into mission effectiveness, platform and human efficiency, human behavior precursors and collaboration. An important area evaluated is the human-machine cooperation between astronaut and VC and human-human cooperation between astronaut and ground enabled by the VC as well as trust and workload (Parasuraman et al., 2008) .
Fig. 3. The virtual camera interaction system showing the points of interest and information display
Mission effectiveness criteria enable the assessment of how well goals are achieved for key mission performance parameters. For the VC measures are time to execute a traverse accomplishing mission goals (number of scientifically important sites visited in a given time period), error-based (the number of errors or wrong turns in a traverse) and coverage (how much of a larger goal achieved). Platform efficiencies measured include usability criteria such the Lewis and Likert Usability Scales presented as questionnaires (Brooke, J., 1996) , as well as the Modified Cooper-Harper scale (Wierwille & Casali, 1983) . For the human operator, efficiency contextual inquiries are conducted using interviews to determine perceived workload (Reid, Nygren, 1988) , knowledge elicitation (Langan-Fox et al., 2000) , and SAGAT situation awareness tools (Endsley et al., 2003) .
Several different types of data were gathered such as, situational awareness, VC tablet utilization, overall success of mission. A web application was the interface between the database and the Mission Control team. It allowed MC to observe GPS-based previous position trail (breadcrumbs) of the teams and observe how well they were fairing in making it to the desired AOIs.
The Situation Awareness Global Assessment Technique (SAGAT) has been used to evaluate the usefulness of new cockpit displays in aircraft and is being used to evaluate the ability of new displays to improve situation awareness (Endsley, et al., 1995) .
Questionnaires based upon the SAGAT situation awareness level protocol as well as the NASA TLX workload index, the SUS Likert scale and the Modified Cooper-Harper tool were given the teams. The SAGAT tool was used during the trials and the others after the trial was complete.
Results and interpretation
Using the map alone with none of the interactive capability of the VC the control team found they had high confidence in where in the course they were but lower confidence on what exact AOIs they were looking for. They did not have the ability to see the AOIs marked off at a higher zoom-in level and had no access to the annotation information placed by the simulated ground experts in the database. They found themselves surveying actual landmarks often to get their bearings. This indicates a reliance on the map for navigation but more unknowns about the actual AOIs and what the team was actually looking for.
The subject team using the full VC interaction system found themselves relying more heavily on the VC to the point that when the wireless link to the Google database was lost the team felt somewhat confused about their location. They were operating in a much more "heads-down" mode relying more heavily on the technology. The breadcrumb display was useful for finding where the team was and the direction they were headed, much more useful than the large heading arrow. The team felt with a high level of confidence where they were headed and where the AOIs were. This indicates the VC is quite useful for defining, identifying and locating the AOIs.
With the simulated communications delay of up to three minutes in one direction it was found that when a team came across an unknown they would radio a question to mission control but often begin improvising and completing the action without waiting for a response and then only used the response, when it came, for confirmation of further action, still relying heavily on their own decision-making capability. This illustrates the changes in collaboration and cooperation for deep space missions. To expedite the exploration process astronauts far from Earth will not be able to wait for responses from Earth and require on-board decision making assistants such as the VC. They will be switching between what Stanton (Hollnagel, 1998) described as phenotype and genotype schemata. They may revert back to training or previous knowledge if the VC is not operational.
The mission control team observed that they had less concern about the performance of the VC team because the display interface showed them to be following a direct path and making it to the desired AOIs faster and more directly than the control team.
Both sets of teams (8 test subjects for VC and map only) had good scores on SAGAT situation awareness questions (Table  1) to determine levels of perception, comprehension and projection soon after starting the course. In one test, near the end of the trial, the VC team had two of four comprehension questions wrong. There was a communications link issue at this time that was causing problems with the interaction with the database however. This indicates the level of reliance on the VC for situation awareness. The second on-line SAGAT questionnaire score was one wrong on the projection questions for this team. Overall, only two map only test subjects got SA questions wrong, one a projection and one a comprehension question. This most likely reflects the ease of simply using a map to navigate in the field. VC teams had more wrong answers, one subject had 2 comprehension questions wrong and two others had one projection or comprehension question incorrect. This indicates a longer training and familiarization time is needed than the ten minutes of time given the subjects before the test.
Testing has indicated several areas for improvement in the VC display and interaction capabilities. The information cartouche icons were found to be confusing and need to be made clearer to determine their actual intent. A hot/cold color display would be useful to indicate when the team is getting close to their AOI objective. A master list of the AOIs to be visited should be presented as part of the display in a way similar to an electronic procedure. Further questions were given to help determine the utility of the VC for planning and collaboration. The participants were asked to rate their opinion on the ability for the system they tested (map or VC) for planning, decision making, conflict resolution, collaboration and efficiency. Consistently the VC scored better in this evaluation with an average of 4.31 out of 5 compared to 3.96 out of 5 for the map only ( Table 2 ).
The NASA TLX workload index assessment was also used and a comparison made between test subject workload for mental, physical, temporal , and performance demand as well as effort and frustration. The results show, on average slightly lower scores for the VC compared to using the map only application (Table 3 ).
In terms of Points of Interest visited, VC teams averaged 82% completion of points of interests on the course visited in the 30 minute test period while map only teams averaged 77%.
Usability scores for the map only system and VC were almost identical, 75% and 76%, respectively. This illustrates that simple map interfaces and the prototype VC are equally easy to use. The VC can be improved, its average score on the Modified Cooper-Harper scale was 3, minor deficiencies. 
Map (/5) VC (/5)
The system helps planning a traverse 4.25 4.67
The system assists in decision making (determining items of interest) 4 4.67
The system helps to resolve conflicts in determining directions to travel 4 4.50
The system helps to resolve conflicts in determining proper areas of interest to explore 3.75 4.33
The system improves my interaction with other team members (allows me to share knowledge) 3.75 3.17
The system helps me to explore more points of interest faster 4 4.50 Average 3.96 4.31 Table 3 . NASA TLX workload assessment for VC and Map applications
Future evaluation work
The testing conducted so far is in preparation for evaluation in a more realistic deep space exploration analog with domain experts such as astronauts, pilots, planetary scientists and mission operations personnel. Subjective situation awareness feedback will be solicited from these domain experts. This will allow a knowledge-based evaluation of the VC and its ability to support collaboration in deep space exploration (Boy, 1998) . Evaluation will be conducted for improved situation awareness in the context of human deep space exploration in sparely-known environments. The VC can be viewed as a tool to determine techniques for improving situation awareness in deep space exploration. Another very useful purpose of the VC is the ability to support human-human and human-machine cooperation as 
Score
VC Map
well as decision making and how it can be mediated with the VC. Collaborative trust will be measured using the HumanComputer trust scale (Madsen, Gregor, 2000) .
Evaluation will be based upon the changing model of human space exploration as astronauts move out into deep space (Fig. 4) . In low-earth orbit operations such as the International Space Station mission control is the primary decision maker using a real-time connection to the crew. In deep space the communications delay will force the astronauts to have more autonomy and therefore require mediating tools such as the VC. The VC will be evaluated for the ability to represent mission goals such as a day's planned points of interest to be explored, decision making, improvisation and hazard avoidance.
The scenarios for testing at this phase will be of three types: Off-nominal situations will be tested where astronauts have to make decisions in near real-time for changing objectives, to avoid hazards or quickly seek shelter in the event of an unexpected solar flare, for example. Teams using the VC will be compared to teams without it. Criteria for evaluation will include time required to identify a new objective, time required to safely complete the traverse, number of points explored in a given time and time required to identify and arrive at an emergency shelter.
Considerations should be made of the special cognitive and physiological requirements of operating in space, especially in the case of zero-gravity. For instance, clear disturbances have been identified in visuo-motor tracking and dual-task performance in astronauts in spaceflight (Manzey, Lorenz, 1998) . It would be useful to attempt to evaluate the VC on a zero-gravity airplane flight which simulates spaceflight by flying hyperbolic trajectories.
6. CONCLUSIONS The virtual camera for planetary exploration will assist in future exploration involving humans and robots. It is designed to provide improved situational awareness and augmented reality to define areas of interest and safety concern on remote planetary bodies. It will act as remote agents for mission planners and scientists capturing their knowledge and expertise as astronauts explore the solar system. It is claimed that the advanced interaction media capability of the VC can improve situation awareness as the distribution of human space exploration roles change in deep space exploration.
Human-centered design techniques are being applied to the development of this tool involving all potential user groups from the beginning of the design process.
The design process begins with defining potential users and how they may take advantage of the VC. These users were interviewed and the resulting feedback incorporated into display format prototypes that can be tested by users. This iterative process results in an intermediary product that has already been tested by novice users and is designed with their needs in mind. This includes the multi-agent uses and requirements of the VC.
Prototypes have been developed and several scenarios considered. A storyboard for an example exploration scenario has been created. This allows example displays and icons to be analyzed and presented to users for suggestions.
Moving forward, the VC prototype is being tested with users from a variety of expertise levels from novices to domain experts. Changes found in this testing will be incorporated into an updated VC and final evaluation will take place comparing this system to other interaction devices currently being developed. Recommendations will be made for future work to create a flight-ready VC capability. The advanced interaction possibilities with the VC will allow new types of displays and an immersive environment to assist astronauts to comprehend and project into the future situation awareness as their autonomy from ground control resources increases in deep space. This will allow future missions to be conducted in a safer and more efficient manner lowering overall mission risk.
